The multimodular matricellular protein thrombospondin-1 (THBS1) was among the first identified endogenous antiangiogenic molecules. Recent studies have shown THBS1-mediated suppression of angiogenesis and other critical activities for corpus luteum (CL) regression. THBS1 is specifically induced by prostaglandin F2alpha in mature CL undergoing regression, whereas luteinizing signals such as luteinizing hormone and insulin reduced its expression. THBS1 interacts both synergistically and antagonistically with other essential luteal factors, such as fibroblast growth factor 2, transforming growth factor beta1 and serpin family E member 1, to promote vascular instability, apoptosis and matrix remodeling during luteal regression. Expression of THBS1 is also downregulated by pregnancy recognition signals to maintain the CL during early pregnancy. This dynamic pattern of luteal expression, the extensive interactivity with other luteal factors and strong antiangiogenic and proapoptotic activities indicate that THBS1 is a major determinant of CL fate.
Introduction
The corpus luteum (CL) is a transient endocrine gland that develops from the preovulatory follicle after ovulation. A functional CL is critical for successful mammalian reproduction. Extension of luteal lifespan and secretion of progesterone are required for establishing and maintaining pregnancy. Conversely, regression of the CL in the absence of a viable embryo is necessary for the initiation of a new reproductive cycle. The CL lifespan is characterized by rapid growth, differentiation and controlled regression, phases accompanied by intense angiogenesis, stabilization and angioregression, respectively (Niswender et al. 2000 , Schams & Berisha 2004 , Shirasuna et al. 2012 . Prostaglandin F2alpha (PGF2a) is the principal luteolytic hormone in cattle and many other species with an estrous cycle. It is secreted by the uterus in a non-fertile cycle (McCracken et al. 1999 , Niswender et al. 2000 . Endogenous PGF2a or its exogenous administration initiates a cascade of events leading to the irreversible demise of the CL. During this process, the CL undergoes dramatic changes in its steroidogenic capacity, vascularization, extracellular matrix (ECM) remodeling and cell viability (Schams & Berisha 2004 , Miyamoto et al. 2010 , Meidan et al. 2017 ). An intriguing question concerning bovine luteal function is its refractoriness to the luteolytic actions of PGF2a in the early luteal phase, which lasts up to day 5 of the bovine estrous cycle (Lauderdale 2009).
To obtain a better understanding of early CL resistance to PGF2a-induced luteolysis, Mondal et al. compared the transcriptome of PGF2a-responsive bovine CL on day 11 of the estrous cycle to that of PGF2a-refractory CL on day 4, both before and at two time points (4 and 24 h) after PGF2a administration (Mondal et al. 2011) . This study revealed a potential functional relationship between angiogenesis and the luteolytic response to PGF2a. PGF2a markedly increased expression of the proangiogenic factor fibroblast growth factor 2 (FGF2) in the PGF2a-refractory (day 4) CL. In contrast, antiangiogenic genes were specifically and highly induced in the PGF2a-responsive (day 11) CL. These antiangiogenic genes included thrombospondin 1 and 2 (THBS1 and 2), transforming growth factor beta 1 (TGFB1) and serpin family E member 1 (SERPINE1) (Mondal et al. 2011 , Berisha et al. 2016 , Farberov & Meidan 2016 . The present review summarizes current knowledge on the regulation of THBS1 expression and its role in cell survival and blood vessel dynamics within the CL.
The thrombospondin family
The thrombospondins are a family of five conserved extracellular multidomain glycoproteins. Members of this family play essential roles in regulating cell-cell and cell-matrix interactions (Bornstein 2001) . These proteins can be subdivided into two structural groups: subgroup A comprising THBS1 and THBS2, which have the same set of structural domains and subgroup B comprising THBS3-THBS5, which are shorter and lack both regions related to procollagen type I repeats and the fourth type II repeat (Adams & Lawler 2011) .
THBS1 and THBS2 were among the first endogenous protein inhibitors of angiogenesis to be identified (Bornstein 2009). Knockout mice show increased vascularization (Lawler et al. 2001 , Wang et al. 2003 , suggesting that THBS1 inhibits angiogenesis. Although THBS1 and THBS2 are structurally similar, they differ in their expression patterns, localization and some functions (Lawler 2000 , Bornstein 2001 , Adams & Lawler 2004 . Indeed, THBS1-and THBS2-knockout mice have distinct phenotypes (Adams & Lawler 1993 , Kyriakides et al. 1998 , Lawler et al. 1998 .
THBS1 is a 420 kDa homotrimer; each monomer consists of an N-terminal globular module followed by a coiled-coil oligomerization domain, a procollagen module, three properdin-like type I repeats (TSR1), epidermal growth factor (EGF)-like type II repeats (TSR2), type III repeats (TSR3) and a C-terminal globular domain (Carlson et al. 2008) .
Each domain of THBS1 interacts specifically with different molecules. The N-terminal domain interacts with low-density lipoprotein receptor-related protein (LRP1), heparin sulfate proteoglycans (HSPGs) and a number of integrins (Tan et al. 2006) . Adjacent to the N-terminal, there is a region that is homologous to procollagen. This domain is involved in the assembly of the protein into a trimer (Sottile et al. 1991) . All five members of the THBS family have the repeat domain types II and III, but only THBS1 and THBS2 contain the type I repeats. The type I repeat region is the most studied antiangiogenic epitope of THBS1 as it mediates interactions with the CD36 receptor, fibronectin, HSPGs and latent TGFB1 (Jimenez et al. 2000 , Murphy-Ullrich & Poczatek 2000 , Resovi et al. 2014 . The type II repeats mediate cell adhesion by binding beta1 integrins (Calzada et al. 2004) . The type III repeats contain the integrin recognition motif RGD (Kvansakul et al. 2004 ) and a binding site for FGF2 (Colombo et al. 2010) . This binding site inhibits angiogenesis by sequestration of FGF2 (Colombo et al. 2010 , Pagano et al. 2012 . The COOH-terminal domain of THBS1 binds CD47, also known as an integrin-associated protein (Brown & Frazier 2001) . Therefore, owing to its structural and functional domains, THBS1 can simultaneously bind to cell-surface receptors, ECM components, proteolytic enzymes, cytokines and growth factors.
Hormonal regulation and expression patterns of thrombospondins in the ovary
THBS1, THBS2, and their receptors (CD36 and CD47) are widely expressed in the ovary, including granulosa cells (GCs), luteal steroidogenic cells and endothelial cells (ECs) (Dreyfus et al. 1992 , Higuchi et al. 1999 , Petrik et al. 2002 , Zalman et al. 2012 , Farberov & Meidan 2014 , Berisha et al. 2016 . Studies in rat, bovine, marmoset and human have confirmed that within the follicle, THBSs are primarily produced in the GC layer (Dreyfus et al. 1992 , Higuchi et al. 1999 , Petrik et al. 2002 , Greenaway et al. 2005 , Thomas et al. 2008 . Upon differentiation by FSH and forskolin, the ability of GCs to produce and bind THBS1 is inhibited (Dreyfus et al. 1992) . In agreement, a recent study reported that in vitro luteinization by LH plus insulin reduced expression levels of THBS1, THBS2 and CD36 in bovine GCs ( Fig. 1) (Farberov & Meidan 2014) . However, studies in rodents reported increased expression of Thbs1 and Thbs2 in developing CL immediately after ovulation (Bagavandoss et al. 1998 , Petrik et al. 2002 . A possible explanation for this seeming paradox of high THBS expression in a period of rapid vascular growth is that this increase is not hormone induced but rather due to a massive migration of ECs into the central region of the developing CL. This contention is supported by THBS1 immunostaining in the forming CL (days 1-2) showing weak THBS1 expression in large luteal cells and strong expression in capillary ECs (Berisha et al. 2016) . THBS1, THBS2, CD36 and CD47 are colocalized in follicles, suggesting that THBS ligands and receptors may contribute to the autocrine control of follicular cell function (Higuchi et al. 1999 , Petrik et al. 2002 , Greenaway et al. 2005 , Berisha et al. 2016 .
In the CL, THBSs and their receptors exhibit cellspecific expression. THBS1 is the predominant form expressed in luteal ECs during early and midluteal stages (Zalman et al. 2012 , Berisha et al. 2016 , whereas THBS2 is the major form in luteinized granulosa cells (LGCs) (Farberov & Meidan 2014) . CD36 expression was found only in LGCs, whereas CD47 expression did not display an appreciable difference in the expression level between these two cells types (Farberov & Meidan 2014) .
THBSs and their receptors are dynamically expressed across the luteal lifespan in cow and sheep ovary (Zalman et al. 2012 , Romero et al. 2013 , Berisha et al. 2016 . Berisha et al. (2016) found that mRNA expression levels of THBS1, THBS2 and CD47 in the CL were high and relatively stable during the estrous cycle, whereas CD36 expression precipitously increased in the regressing CL. In general, the ability of the bovine CL to undergo PGF2a-induced luteolysis is correlated with the upregulation of THBS1, THBS2 and CD36 (Zalman et al. 2012 , Berisha et al. 2016 , Farberov & Meidan 2016 . Notably, PGF2a treatment in vitro upregulated THBS1 and THBS2 expression in both luteal ECs and LGCs ( Fig. 1) (Zalman et al. 2012) . Likewise, CD47 displayed a significant and persistent increase in the mature (day 11) CL at 4 and 24 h after PGF2a administration (2.2-fold relative to the 0 time point) (Farberov & Meidan, unpublished data) . The expression of CD47 was also induced in cultured LGCs by PGF2a treatment (Farberov & Meidan 2014) . In contrast to cyclic CL, expression levels of THBSs and receptors were downregulated for the whole duration of pregnancy (Berisha et al. 2016) . Furthermore, studies in ewes showed an increase in THBS1 mRNA in regressing CL that was inhibited by early pregnancy (Romero et al. 2013) . Interferon tau (IFNt), a maternal pregnancy recognition factor secreted during early pregnancy by the conceptus, exerts endocrine actions in the CL (Bott et al. 2010 , Romero et al. 2015 , Basavaraja et al. 2017 . It was recently reported that the expression of THBS1 was downregulated in bovine CL slices and cultured luteal ECs incubated with IFNt (Basavaraja et al. 2017) . The same study also found that IFNt reduced TGFB1 and SERPINE1, which are interconnected with THBS1, during luteolysis (Farberov & Meidan 2016 , Meidan et al. 2017 . Inhibition of the THBS1-TGFB1-SEPRINE1 feed-forward process may be critical for maintaining the CL during early pregnancy.
The temporal expression and localization patterns of THBSs and their receptors during follicular maturation and across luteal lifespan are compatible with inhibitory functions in ovarian angiogenesis.
THBS1 promotes apoptosis of ovarian cells
The induction of apoptosis by THBS1 is essential for its antiangiogenic activity (Jimenez et al. 2000) . THBS1 was found to inhibit angiogenesis in whole rat follicles in vitro and to directly induce apoptosis of GCs in vitro (Garside et al. 2010a) . A study in marmoset monkeys showed that in vivo treatment with ABT-898 (a mimetic peptide of THBS1 type I repeats (Garside et al. 2010b) ) reduced endothelial cell proliferation in the thecal layer of preantral and early antral follicles and suppressed GCs proliferation in developing follicles. This treatment also increased the incidence of atresia in preantral and early antral follicles (Garside et al. 2010b) . The expression levels of THBSs and associated receptors decrease as follicular development progresses (Petrik et al. 2002 , Greenaway et al. 2005 , Thomas et al. 2008 , Berisha et al. 2016 , while THBS1 is upregulated during atresia (Thomas et al. 2008) .
Recent studies in bovine luteal cells have utilized RNA interference to show that THBS1 compromises the viability of both luteal ECs and LGCs (Farberov & Meidan 2014) . Studies using a siRNA to downregulate endogenous THBS1 expression have providing evidence for a local proapoptotic effect of THBS1 in luteal cells. Cleaved caspase-3 levels were significantly reduced in THBS1-silenced luteal ECs as well as LGCs. Furthermore, silencing of THBS1 in luteal ECs rendered these cells more competent to withstand cell death induced by exposure to staurosporine (Farberov & Meidan 2014 ). These findings suggest that endogenous THBS1 acts as a proapoptotic compound in luteal cells. It is widely accepted that apoptosis occurs during structural luteolysis (Juengel et al. 1993 , Rueda et al. 1999 , Yadav et al. 2005 , and these findings strongly suggest that THBS1 is essential for the apoptotic demise of the CL.
Several studies have reported that the antiangiogenic effects of THBS1 are mediated, at least partially, by the CD36 receptor. Indeed, CD36 activation triggers a signaling cascade leading to endothelial cell death by apoptosis and the collapse of tumor vessels (Jimenez et al. 2000 , Nicholson et al. 2001 , Simantov et al. 2005 . However, among the various bovine luteal cells, this receptor was found to be expressed mainly in LGCs (Farberov & Meidan 2014) . Surprisingly, recombinant THBS1 and the CD36-binding peptide ABT898 (Garside et al. 2010b ) had only modest effects on bovine LGCs viability. In contrast, despite the lack of CD36 receptors in luteal ECs, 500 ng/mL THBS1 decreased LGC numbers by 80% and promoted the activation of caspase-3. As expected, ABT-898 treatment did not affect the viability of luteal ECs (Farberov & Meidan 2014) . These findings suggest that THBS1 acts in luteal ECs through a CD36-independent mechanism. Unlike CD36, the CD47 receptor is expressed in both luteal ECs and LGCs (Farberov & Meidan 2014) . The interaction of THBS1 with CD47 induced apoptosis in human umbilical vein ECs (HUVECs) and microvascular ECs (Freyberg et al. 2000 , Xing et al. 2009 ). However, silencing of CD47 by siRNA did not rescue luteal ECs from THBS1-induced cell death (Farberov & Meidan, unpublished data) , suggesting that CD47 may not contribute to the inhibitory effects of THBS1 in luteal ECs. Another possible mechanism underlying the apoptotic actions of THBS1 in luteal cells is its ability to interact with various integrins (Calzada et al. 2004) . It was found that THBS1 is a ligand for alpha 9 beta1 integrin and that the integrin binding site is located within the N-terminal domain of THBS1. The N-terminal domain of THBS1 is also implicated in the proangiogenic activity of this molecule in microvascular ECs (Staniszewska et al. 2007) . Another integrin, alpha 3 beta 1 integrin, was identified as an additional receptor for THBS1. This interaction could either inhibit or stimulate endothelial cell proliferation depending on cell origin (Chandrasekaran et al. 2000) .
Another alternative pathway by which THBS1 may affect luteal endothelial cell viability is through its HSPG-binding domain (Chen et al. 2000) . Interaction of THBS1 with HSPGs inhibits mitogenesis and proliferation of aortic and corneal ECs (Vogel et al. 1993) . Binding of THBS1 to HSPGs results in the transmission of intracellular signals that induce apoptosis in myeloid leukemia cells (Bruel et al. 2005) . HSPGs are widely expressed in ovarian GCs, and their synthesis, internalization and release are regulated by gonadotrophins (Yanagishita 1994) . Immunolabeling for HSPG is very intense in luteal cells and capillary ECs of mature CL (Hasan et al. 2002) , supporting a role in THBS1 action; however, this notion has not been examined experimentally in ovarian cells.
Interaction of THBS1 with proangiogenic FGF2
THBS1 is known to inhibit angiogenesis both directly and indirectly by interacting with growth factors, cytokines and proteases. One such interaction is with FGF2, a vital proangiogenic factor in the CL (Robinson et al. 2007 , Yamashita et al. 2008 . By binding to the FGF2 heparinbinding domain, THBS1 prevents the interaction of FGF2 with HSPGs on the cell surface and in the ECM (Fig. 2) (Colombo et al. 2010) , which ultimately reduces FGF2 bioavailability and activity (Pagano et al. 2012) (Fig. 2) . FGF2 is not only proangiogenic but also sustains steroidogenic cell survival and stimulates progesterone secretion when infused into bovine CL (Liebermann et al. 1996) . Studies in bovine luteal ECs showed that THBS1 and small-molecule 27, which mimics the FGF2-binding site of THBS1, inhibit FGF2-induced proliferation and migration in vitro (Zalman et al. 2012) . Consistent with these results, THBS1 inhibited the phosphorylation of p44/p42 mitogen-activated protein kinase (MAPK; ERK1/2) induced by FGF2 in luteal ECs (Farberov & Meidan, unpublished data) . Furthermore, siRNA ablation of THBS1 elevates the levels of phosphorylated p44/42 (unpublished data). The antagonistic actions of FGF2 and THBS1 were further demonstrated by the ability of FGF2 to reduce basal and THBS1-induced caspase-3 levels in ECs derived from the CL (Farberov & Meidan 2014) .
Notably, THBS1 and FGF2 expression in bovine CL exhibited the most divergent induction profile by PGF2a. Whereas FGF2 was robustly induced in young CL (day 4) and much less in responsive CL (day 11), THBS1 was prominent in the PGF2a-responsive CL (day 11) (Zalman et al. 2012) . These expression profiles suggest reciprocal regulation of FGF2 and THBS1 in luteal cells by luteinizing signals and PGF2a. This proposition was confirmed by findings demonstrating that THBS1 expression in cultured LGCs was inhibited by luteinizing signals (LH and insulin), whereas FGF2 expression was elevated after LH treatment and by PGF2a (Farberov & Meidan 2014) (Fig. 1) . Moreover, these two proteins are mutually inhibitory at the gene expression level, that is, THBS1 added exogenously to luteal ECs dose dependently suppresses FGF2 expression and vice-aversa (Fig. 3) (Farberov & Meidan 2014) . In agreement, THBS1 silencing elevated FGF2 levels in both luteal ECs and LGCs (Farberov & Meidan 2014) . Suppression of THBS1 expression by FGF2 was also reported in mouse breast cancer cells, but the regulatory mechanisms were not examined (Mattila et al. 2006) . Intracellular responses to FGF2 are mediated by several signal transduction cascades, including the RAS-MAPK, PI3K and phospholipase C pathways (Dailey et al. 2005) . The RAS-MAPK pathway regulates the expression of diverse target genes through activation of E26 transformationspecific (ETS) transcription factors (Tsang & Dawid 2004) , and several ETS sites are present in the THBS1 promoter, suggesting FGF2-induced THBS1 repression through RAS-MAPK signaling (Zabuawala et al. 2010) . Activation of the PI3K/AKT pathway may also contribute to FGF2-mediated inhibition of THBS1 synthesis (Bussolati et al. 2006 , Kim et al. 2006 . Furthermore, FGF2 can suppress THBS1 expression via upregulation of two repressors, YY-1 (Yin Yang-1) (Santiago et al. 2001) and Id-1 (inhibitor of differentiation-1) (Passiatore et al. 2011), which were reported to bind to the THBS1 promoter (Volpert et al. 2002 , Kang et al. 2004 .
The results described here suggest a transcriptional and functional interplay between THBS1 and FGF2 (Figs 2 and 3) . This relationship is expected to regulate angiogenesis in a luteal stage-specific manner.
THBS1-TGFB1 axis
TGFB family members are produced as inactive complexes with latency-associated peptide (LAP) and must be activated by molecules that facilitate release from the latent complex (Robertson & Rifkin 2013) . THBS1 is the only member of the THBS family that can activate TGFB1 (Figs 3 and 4) (Fig. 4) . Once activated, TGFB1 can bind to its cell membrane receptors (TGFBRI and TGFBRII), leading to phosphorylation of SMAD2 and SMAD3 proteins, which in turn complex with SMAD4, translocate to the nucleus and bind to SMAD response elements that regulate target gene expression (Fig. 4) (Massague 2000). Like THBS1, TGFB1 expression was induced only in mature (day 11) CL, after PGF2a injection (Mondal et al. 2011 , Farberov & Meidan 2016 . Expression of the TGFB1 downstream target SERPINE1 (Boehm et al. 1999 ) was also markedly upregulated by PGF2a only in day 11 CL undergoing luteolysis (Fig. 4 ) (Farberov & Meidan 2016) . Upregulation of SERPINE1 by luteolytic signals was also shown in ovine CL (Romero et al. 2013) . Recently, it was demonstrated that THBS1 can activate latent TGFB1 in bovine luteal ECs (Farberov & Meidan 2016) . THBS1 elevated SERPINE1 expression in these cells, an effect that was abolished by a TGFBRI kinase inhibitor. Additionally, THBS1 markedly increased the effects of latent TGFB1 on SMAD2 phosphorylation (phospho-SMAD2) and SERPINE1 upregulation. THBS1 silencing also resulted in reduced SERPINE1 mRNA and phospho-SMAD2 levels. Lastly, THBS1 actions on SERPINE1 were inhibited partially by LSKL peptide (Farberov & Meidan 2016) (Fig. 4) .
The role of TGFB1 in apoptotic cell death is context dependent (Sanchez-Capelo 2005) . In bovine luteal ECs, TGFB1 promotes apoptosis (Maroni & Davis 2011 , Farberov & Meidan 2016 , limits cell growth and disrupts capillary morphogenesis and endothelial barrier function (Maroni & Davis 2011). TGFB1 also reduces the viability of cells and activates caspase-3, whereas inhibition of TGFBRI eliminates this proapoptotic effect (Farberov & Meidan 2016) . Importantly, although THBS1 can activate TGFB1, the proapoptotic effect of THBS1 is not mediated via TGFB1 in luteal ECs. THBS1 is a significantly more potent inhibitor of cell viability than TGFB1, and this effect is not abolished by a TGFBRI inhibitor (Farberov & Meidan 2016) .
In addition to the SMAD-mediated canonical TGFB1 signaling pathway, TGFB1 may signal through all three MAPK pathways, extracellular signal-regulated kinases, c-Jun N-terminal kinases and p38 MAPK (Zhang 2009 ). and SERPINE1 in luteal cells. THBS1 is a potent antiangiogenic factor that can directly disrupt the angiogenic properties of luteal ECs through multiple mechanisms. THBS1 also inhibit the proangiogenic actions of FGF2. These two proteins are mutually inhibitory at the gene expression level. In addition, THBS1 activates latent TGFB1, thus enabling TGFB1 signaling, which results in upregulation of SERPINE1 (encoding PAI-1). PAI-1 further promotes vascular instability. Active TGFB1 can also enhance its own mRNA expression and that of THBS1, a process that would lead to further induction of SERPINE1.
Rapid activation of p38 MAPK by TGFB1 was observed in luteal ECs; however, this pathway did not modulate the proapoptotic effect of TGFB1 (Farberov & Meidan 2016) . THBS1 can also activate the p38 pathway in these cells, but with slower kinetics than TGFB1 (Farberov & Meidan 2016) , indicating that this may be an indirect effect. Inhibition of the p38 pathway augmented the proapoptotic actions of THBS1 (Farberov & Meidan 2016) . Activation of p38 kinase enhances cell survival in response to DNA damage, possibly by promoting DNA repair prior to a mitotic catastrophe (Thornton & Rincon 2009 ). Thus, this pathway may be initiated as a protective mechanism against DNA damage induced by proapoptotic THBS1.
TGFB1 was found to induce the expression of THBS1 in luteal ECs (Farberov & Meidan 2016) (Fig. 4) as well as in other cell types (Negoescu et al. 1995 , Bein et al. 2004 , Flugel-Koch et al. 2004 . In addition to THBS1 stimulation, TGFB1 also upregulates its own mRNA levels in these cells (Fig. 3) (Farberov & Meidan 2016) , thus creating a positive feedback loop that leads to amplification of proapoptotic and antiangiogenic effects during luteolysis.
Role of THBS1 in matrix remodeling
Regulation of multiple proteolytic enzymes by THBS1 contributes to physiological and pathological tissue remodeling (Sweetwyne & Murphy-Ullrich 2012) . Two interrelated proteolytic systems are involved in matrix remodeling, the plasminogen activation (PA) system and the matrix metalloproteinase (MMP) system. Several studies have shown that THBS1 is involved in regulating the balance between MMPs and MMP inhibitors (tissue inhibitors of metaloproteases (TIMPs)). THBS1 prevents the activation of MMPs via type I repeats (Bein & Simons 2000) and suppresses the activation of MMP9 by binding to its inactive form (Rodriguez-Manzaneque et al. 2001) . In HUVEC cells, inhibition of MMP activation decreased proangiogenic and promigratory effects induced by platelet microvesicles (Sun et al. 2017) . On the other hand, THBS1 has also been reported to increase MMP2 and -9 activation in several tumor cells (Ren et al. 2006) and vascular smooth muscle cells (Lee et al. 2003) . This dual behavior of THBS1 is probably mediated by distinct domains with opposite functions. These domains may also selectively activate or suppress the invasive behavior of vascular endothelium (Taraboletti et al. 2000) .
THBS1 is also able to regulate the PA system. Upregulation of the SERPINE1 gene product plasminogen activator inhibitor type 1 (PAI-1) by THBS1 has been demonstrated in several tumor cells (Albo et al. 1994 (Albo et al. , 1999 , microvascular ECs (Bagavandoss et al. 1993) , and recently in ECs derived from the CL (Farberov & Meidan 2016) . PAI-1 is the primary inhibitor of tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA). Inhibition of uPA/tPA blocks plasminogen-toplasmin conversion as well as plasmin-dependent MMP activation (Pepper 2001). Additionally, PAI-1 can bind to vitronectin (VN), which leads to cell detachment and apoptosis (Chen et al. 2008) .
Extensive tissue remodeling takes place in the ovary during follicular development, follicular rupture, CL formation and CL regression (Smith et al. 2002) . Both MMP and PA systems have been implicated in CL formation and regression (Kliem et al. 2007) . MMP mRNA expression was significantly increased in bovine CL during PGF2a-induced luteolysis, whereas TIMP2 was decreased (Kliem et al. 2007) . As mentioned, PGF2a-induced luteolysis also affects PAI-1 expression Figure 4 Activation of TGFB1 signaling pathway by THBS1. TGFB1 is produced in a latent form consisting of the mature TGF-beta dimer and a non-covalently related latencyassociated peptide (LAP). Activation by THBS1 involves a WXXW motif in type 1 repeats for binding to the mature TGFB1 dimer and a proposed second recognition sequence, KRFK, which binds to a conserved sequence (LSKL) near the amino-terminus of LAP. These sequences disrupt the non-covalent interactions between LAP and TGFB1, thereby releasing the mature TGFB1 for receptor binding. Active TGFB1 binds to a type II receptor that recruits and phosphorylates type I receptor. The type I receptor then phosphorylates receptor-regulated SMADs (SMAD2 and SMAD3), which can bind the common mediator SMAD4 and subsequently translocate into the nucleus. In the nucleus, these SMADs interact with other transcription factors to upregulate the expression of target genes such as SERPINE1 (PAI-1). SB431542 is a TGFB1 receptor-1 kinase inhibitor.
in a pattern resembling that of THBS1, a small and transient elevation during early CL formation and a substantial cumulative induction in regressing CL (Kliem et al. 2007 , Farberov & Meidan 2016 . Functionally, PAI-1 inhibits luteal EC-VN interactions either by the VN-binding domain or through antiprotease activity (Farberov & Meidan 2018) , thereby affecting cell matrix adhesion required for cell survival.
These results are consistent with the following molecular cascade of events in bovine CL during PGF2a-induced luteolysis. (i) THBS1 and TGFB1 are directly induced by PGF2a in luteal cells. (ii) THBS1 then activates latent TGFB1, leading to upregulation of SERPINE1 (Figs 3 and 4) . THBS1, TGFB1 and PAI-1 are expected to promote vascular instability as well as apoptosis and matrix remodeling in regressing CL.
Regulation of THBS1 expression by microRNAs
In addition to transcriptional regulation by FGF2 and TGFB1, several studies have identified a number of miRNAs that can modulate THBS1 in different cell types (Vincenti et al. 2011 , Dogar et al. 2014 , Feng et al. 2015 . Studies have suggested that miRNAs are critical for ovarian function by regulating folliculogenesis, oocyte-cumulus cell interaction, GC function and the development, maintenance and regression of the CL (Hossain et al. 2009 , Christenson 2010 , Maalouf et al. 2016 . Recently, miR-221 was identified as a key regulator of THBS1 expression and function in ECs derived from bovine CL (Farberov & Meidan 2018) . This miRNA, highly expressed in luteal cells and bovine CL, effectively reduced THBS1 levels and subsequently inhibited SERPINE1 mRNA (Farberov & Meidan 2018) . The miR-221/222 cluster plays an important role in vascular biology, and miR-221 is among the most frequently upregulated miRNAs in human cancers (Vincenti et al. 2011 , Nicoli et al. 2012 , Lupini et al. 2013 . Overexpression of miR-221 in luteal ECs was proangiogenic, consistent with THBS1 suppression (Fig. 5) (Farberov & Meidan 2018) . Importantly, FGF2 and TGFB1 were found to reciprocally regulate miR-221 in these cells. FGF2 elevates miR-221 levels, which may account for negative regulation of THBS1 (Fig. 5) . Conversely, TGFB1, which stimulates THBS1, significantly reduces miR-221 levels (Fig. 5) . Furthermore, FGF2 enhances the suppression of THBS1 caused by miR-221 mimic and prevents the increase in THBS1 induced by miR-221 inhibitor (Farberov & Meidan 2018) . Importantly, FGF2 treatment also elevates miR-221 in bovine theca cells (Robinson et al. 2018) . In contrast to FGF2, TGFB1 reverses the inhibitory effect of miR-221 mimic on THBS1 and enhances the upregulation of THBS1 induced by miR-221 inhibitor (Farberov & Meidan 2018) . These data support the contention that FGF2 and TGFB1 modulate THBS1 expression via miR-221 (Fig. 5) . Illustrative summary of thrombospondin-1 (THBS1) actions in luteolysis. THBS1 and latent TGFB1 are directly induced by PGF2a in mature CL. THBS1, a multimodular protein, exerts its antiangiogenic activity through multiple mechanisms: 1. apoptosis by activation of caspase-3; 2. interactions with two other vital luteal factors, FGF2 and TGFB; 3. suppression of FGF2 expression and its angiogenic activities; 4. activation of latent TGFB1, thus enabling TGFB1 signaling, resulted in upregulation of SERPINE1 (PAI-1). Disrupting the interaction between the uPA-uPA receptor complex and vitronectin by PAI-1 interrupts cell adhesion, further promoting cell death. Together, these actions of THBS1 contribute to a cascade of events leading to the irreversible demise of the CL.
Based on these findings, miR-221 is expected to be elevated during CL formation and reduced in late and regressed CL. Indeed, small RNA next-generation sequencing demonstrated that miR-221 levels vary in CL during the estrous cycle, with lower expression in late and regressed bovine CL and abundant expression in early CL (Gecaj et al. 2017) . This temporal expression profile of miR-221 in CL is also supported by a study reporting that miR-221 expression in bovine plasma was lower on day 16 compared with day 8 of the estrous cycle (Ioannidis & Donadeu 2016) . Similarly in sheep, greater miR-221 expression was found in early CL relatively to dominant follicle and reduced levels were found in late CL (McBride et al. 2012) .
These findings suggest that miR-221 is regulated in a physiologically significant manner, affecting THBS1 expression throughout the cycle. Altering THBS1 levels can modulate vascular function in the CL, shifting from angiogenesis in young CL to vascular instability in latecycle CL.
Conclusions and perspectives
We present evidence that THBS1 is essential for luteal fate determination (regression or maintenance). Interactions with multiple membrane proteins, growth factors, extracellular matrix components and miRNAs regulated multiple pathways involved in luteal cell proliferation, migration and apoptosis (Fig. 6) . Identifying the THBS1 network of interactions with FGF2, TGFB1 and SERPINE1 has enhanced our understanding of the molecular control of angiogenesis and cell survival in follicles and the CL. Crosstalk between pro-and antiangiogenic processes enables THBS1 to inhibit angiogenesis by antagonizing survival pathways while also activating apoptotic pathways (Fig. 6) . Recent investigations showing that miR-221 regulates THBS1 expression in luteal cells provide new prospects for managing luteal cell fate and may facilitate the future development of effective and practical methods to fully regress the CL or optimize CL maintenance during early pregnancy. Further efforts are also needed to develop specific and potent therapeutic interventions that either downregulate or upregulate THBS1 levels to promote or inhibit angiogenesis, which may prove useful in tackling angiogenesis-dependent diseases.
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